The use of lithium batteries for power and energy-hungry applications has risen drastically in recent years. For such applications, it is necessary to connect the batteries in large assemblies of cells in series and parallel. With a large number of cells operating together, it is necessary to understand their intrinsic variabilities, not only at the initial stage but also upon aging. In this study, we studied a batch of commercial cells to address their initial cell-to-cell variations and also the variations induced by cycling. To do so, we not only tracked several metrics associated with cell performance, the maximum capacity, the resistance, and the rate capability but also the degradation mechanism via a non-invasive quantification of the loss of lithium inventory (LLI), the loss of active material (LAM) and the kinetic degradation on both electrodes. We found that, even with small initial cell-to-cell variations, significant variations will be observed upon aging because the cells degrade at a different pace. We also observed that these variations were not correlated with the initial variations.
Introduction
Lithium-ion batteries have numerous applications in today's world. Some key markets for lithium-ion batteries include cell phones, notebook personal computers (PCs), electric vehicles [1] , and grid storage [2] . In high output voltage applications, a number of lithium-ion cells are generally assembled in series to meet system requirements. For notebook PCs, two to four cell strings are usually required; whereas, in vehicle applications, this number can be as high as 100. Even larger series of cells can be necessary for grid storage. This convenient scalability in battery pack design comes with some drawbacks. One of them is the fact that a string of lithium-ion cells will only be as durable as the weakest of its components. This axiom is true with regards to both short-term (e.g., capacity) and long-term (e.g., degradation) considerations. As a result, to optimize the performance of a battery pack, it is desirable to match the intrinsic characteristics of the cells that constitute the battery pack. Regarding short-term considerations, impedance and capacity matching can be implemented at the end of the assembly line, in the factory, or upon delivery to the customer within its facility. Long-term considerations are more challenging to manage. Maximizing the lifetime of a battery pack stipulates that all of its cells degrade in nearly identical fashion so that there are no weak links. To date, variations between cells upon aging were shown to exist [3] [4] [5] [6] , and it is very difficult, if not impossible, to forecast the cycle-life of millions of cells in a timely and resource-efficient manner. This is a problem because an intrinsic degradation variability that is too large or has yet to be quantified has several implications. For battery designers, it makes it difficult to compare competing cell designs and to identify a superior design. For battery integrators, it poses serious challenges with regards to charge-balancing strategies [7] and warranty terms. For academic researchers and prospective industrial buyers, it questions if a sound conclusion can be reached in durability studies with little to no repeatability. For customers of battery-powered devices, it could cause loss of use and financial hardship should a cell wear out prematurely.
A discussion on the state of the art techniques to quantify as-received cell-to-cell variations is out of the scope of this paper. For such a discussion, the reader is referred to the article by Rumpf et al. [8] .
The extent of initial cell-to-cell variations within a batch of cells, although not reported often enough, has been the topic of multiple studies in the literature [4] [5] [6] [8] [9] [10] [11] [12] [13] . Researchers have reported statistical studies on 12 [14] , 50 [5, 15, 16] , 100 [17] [18] [19] [20] , and 1000 [8] [9] [10] 21] cells. All of these studies determined that cells within a batch are different and that these differences need to be quantified and taken into consideration. These studies focused on variations of capacity and resistance among the cells but did not address variations in the balance of the electrodes. This issue was recently investigated and the cell-to-cell variations on the electrode matching for a batch of 51 cells based on low rate cycling data were reported [22] . Previous literature showed that these initial variations could be characterized and thus quantified. To accommodate this spread of intrinsic degradation characteristics, some mitigation strategies can be implemented.
Few studies focused on long-term considerations [3] [4] [5] [6] . In these studies, a noticeable spread in cycle-lives was reported. The conclusions of these investigations supported the hypothesis that, despite minimal cell-to-cell variations at the beginning-of-life (BOL), there existed an intrinsic variability in cycle aging and calendar aging of these cells. However, these studies failed to identify the actual origin of the observed degradation spread. To enable better back level durability modeling [23, 24] , it was crucial to examine further the actual extent of the degradation spread in commercial batteries. For this study, lithium-ion 18650-format cells were ideally suited by virtue of their very-high-volume production, the relative maturity of the production processes due to the ubiquity of these commodities, and their use in battery packs for current electric vehicles [25] .
The aim of this study was to elucidate whether a set of commonly sourced lithium-ion batteries can experience significant variations within their degradation behavior over cycle-aging. There are two aspects to this question: first, are all cells degrading at the same pace; second, are all the cells degrading the same way. To answer this question, cells were cycled for 1000 cycles under identical conditions and analyzed on a capacity and resistance basis but also by non-invasive electrochemical voltage spectroscopies [26, 27] .
Materials and Methods
A batch of fifty-one 18650-format lithium ion cells was purchased from a commercial vendor. These cells were manufactured by LG Chemical Limited, (Seoul, Korea), under the model denomination "ICR18650 C2" and intended for notebook PC applications. The negative electrode (NE) was made of a graphitic intercalation compound (GIC), while the positive electrode (PE) was a blend of LiCoO 2 (LCO) and LiNi 4 Co 4 Mn 2 O 2 (NMC). The electrolyte composition was not disclosed. The recommended charge cut-off voltage was 4.30 V (associated with a 50 mA cut-off current). The recommended charge rate was C/2 and the maximum charge rate was 1 C. The recommended discharge cut-off voltage was 3.00 V and the maximum discharge rate was 2 C at ambient temperatures (5 to 45 • C). The nominal capacity was 2800 mAh and the maximum weight was 50 grams. The calculated energy density was approximately 208 Wh/kg classifying it as a high-energy cell by current standards.
Cell Conditioning and Cell-Aging Protocols
Upon reception, these cells were submitted to a set of conditioning procedures [18] . First, weights and as-shipped open-circuit voltages (OCV) were recorded. Second, the cells were exposed to a series of C/2 formation cycles within the recommended voltage window, 3.0-4.3 V, until a stable capacity was measured. Third, a reference performance test (RPT) was performed on every cell. This initial RPT schedule consisted of successive symmetrical constant-current cycles at C/25, C/5, and C/1 rates, within the recommended voltage window. Using the data collected as part of the RPT, some key cell performance metrics were derived for each cell in the batch. The collected data included the thermodynamic capacity, the capacity ration, the pseudo-OCV curve (the average of the C/25 charge and discharge curves), the internal series resistance, and the rate capability [18] . For convenience, the pseudo-OCV curve will be referred as OCV in the rest of this work.
Fifteen out of the 51 eligible cells were selected for a cycle-aging experiment based on the results of the conditioning test. These fifteen cells were concurrently cycled 1000 times in a controlled atmosphere at 25 • C between 3.0 and 4.3 V. The charge was performed in a conventional CC-CV fashion, and the rate was C/2, while the discharge rate was 1.5 C, both within the manufacturer's recommendations. There were no rest periods between cycles. Cycle-aging was carried out in 10 sequences of 100 cycles. After each sequence, a simplified RPT was carried out. These simplified RPTs were the basis for our periodic characterization protocol and consisted of a C/25 discharge followed by a C/25 charge and a final C/25 discharge. The initial C/25 discharge was used to record the remnant capacity at the end of the 1.5 C discharge which preceded the RPT. This measurement served as an indication of the cell's polarization evolution via probing the SOC at the end of a fast discharge. The following C/25 charge and discharge were used to track the same key metrics taken during the conditioning step.
In addition to these RPTs, each cell was subjected to an extended cycle every 25 cycles of the cycle-aging schedule. These extended cycles were still carried out at a C/2 charge rate and the discharge rate was 1.5 C but a total of three 4-h rest periods were imposed before the charge, after the charge, and after the discharge. The rest cell voltages (RCVs) measured at the end of each of these three rest periods were later used to track the evolution of both the SOC at the end-of-charge (EOC) and the SOC at the end-of-discharge (EOD) as cycle aging progressed.
For all of the full-cell experiments, the test setup consisted of a multi-channel Arbin battery tester (College Station, TX, USA) and two Amerex climate chambers (Concord, CA, USA). The 18650 cells were connected to the testing channels using Arbin low-resistance cylindrical battery holders. Both voltage and current calibration procedures were carried out prior to the experiment.
Half-Cell Preparation and Testing
To conduct degradation diagnosis using incremental capacity (IC) analysis [27] , ad-hoc data for both electrodes' materials was needed. A sixteenth cell was slowly discharged to 3.0 V and carefully disassembled in an Argon-filled glove box. The electrodes, separator, and casing were harvested. Electrode discs (11.1 mm in diameter) were punched from the harvested PE and mounted in a polytetrafluoroethylene (PTFE) Swagelok cell assembly (12.7 mm in diameter). Prior to mounting, electrodes discs were rinsed in a dimethyl carbonate (DMC) solution, the back-side of the two-sided harvested electrode was wiped clean using cotton swabs soaked in N-methyl-2-pyrrolidone (NMP) solvent and then rinsed again in a fresh DMC solution. Metallic lithium scrapped onto a stainless steel pellet was used as counter and reference electrode in a two-electrode configuration. An electrolyte solution of 1.0 M LiPF 6 in ethylene carbonate (EC) + DMC (1:1 by weight) + 2% wt. vinylene carbonate (VC) was used to soak into the separator, which consisted of two layers of GF-D fiberglass discs (12.7 mm in diameter, Whatman, Kent, UK). Once sealed, the Swagelok cells were taken out of the glove box and connected to a multi-channel VMP3 potentiostat (Bio-Logic, Claix, France) for testing. Formation cycles were performed at C/3 with a voltage range of 3.0-4.4 V for the NMC-based half-cells. Upon receiving stable reversible capacity, half-cells were then subjected to an extensive RPT schedule consisting of successive cycles at C/30, C/20, C/10, C/5 and C/2. In addition, the PE was studied by scanning electron microscopy (SEM) using a S-4800 Field Emission Scanning Electron Microscope (Hitachi, Tokio, Japan) equipped with an INCA X-Act EDS System (Oxford Instruments, Abingdon, UK) for energy-dispersive X-ray spectroscopy (EDX).
Emulations of the full-cell voltage response were performed using the 'alawa toolbox [28] that is based on a mechanistic degradation model published in a previous paper [29] . The PE data was imported from the half-cell experiments. Stock data was used for the NE (taken from [22] , cycled between 0.01 V to 1.2 V). Experimental validation supporting our simulation results based on loss of lithium inventory (LLI) and loss of active material (LAM) degradation modes has been reported by other groups [30] [31] [32] .
Results

Initial Characterization
The cell-to-cell variations of the batch upon reception were analyzed using the data collected during the cell conditioning step [18] . The results of the initial conditioning and characterization tests (ICCTs) are compiled in Table 1 . The cells weighed 45.8 ± 0.1 g on average and all were below the specified maximum weight of 50 g. The average as-received OCV was 3.726 ± 0.177 V. This spread was significant since this data corresponded to an average SOC of 26.7% ± 8.3% with some cells almost fully discharged when received. The capacities at C/5 and C/2 were consistent with the specified capacity of 2.8 Ah with averages of 2.86 and 2.84 Ah, respectively. To quantify the variability within the batch, a trio of cell characteristics were assessed, namely, the resistance (in mΩ), rate capability (unitless), and capacity ration (in mAh/%SOC), Figure 1 . The resistance, R, was calculated from the ohmic drop between the RCV and the 1st point of the discharge at C/5. The average was 73.2 ± 2.6 mΩ. The rate capability, RC, was calculated by dividing the C/5 capacity by the C/2 capacity. The average was 99.3 ± 0.2. Finally, the capacity ration, Qr, was calculated by dividing the C/2 discharged capacity by the corresponding SOC range, as calculated from the RCV prior and after the discharge and an OCV curve. The average was 28.7 ± 0.1 mAh/%SOC. The findings are summarized in Figure 1 which displays a 3D map of the 51 cells assessed in this study associated with the different mean of calculation for the three attributes for cell-to-cell variations. This analysis suggested that two cells (in red font on Figure 1 ) exhibit resistances that were considered outliers (more than three times the standard deviation compared to the mean). These two cells were not used in the rest of this study. The cells tested are in blue font.
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Cycle Aging Characterization
For this study, fifteen cells underwent 1000 1.5 C discharge and C/2 charge cycles. The data was analyzed using the same metrics as the ICCT. Figure 2 presents the results of the cycle-aging study. Figure 2a displays the associated capacity loss at C/25 and 1.5 C. Figure 2b ,c showcase the evolution of the rate capability and the resistance, respectively, throughout the study. The cells did not all lose capacity at the same pace and the final capacity lost was between 50% and 60% for the 1.5 C cycling and between 25% and 30% for the C/25 cycling with a 2% standard deviation. This result implied that the worst degraded cell lost capacity 25% faster than the slowest one. The resistance increased on average by 70 ± 5% depending on the cell and the spread remained rather constant. The rate capability, the ratio of the 1.5 C capacity to the C/25 capacity, diminished on average from 96% to 57% with a 7% standard deviation. Results are summarized in Table 2 . To characterize the cells further, their electrochemical behavior at C/25 was analyzed on a depth of discharge (DOD) scale. Figure 3a shows the evolution of the normalized C/25 voltage response upon aging in charge and discharge. The signature of the cell changed a lot upon cycling, especially the discharge curve. The potential at the beginning-of-discharge decreased by 58 mV which could either be related to undercharge or to the increase of polarization. A resistance increase of 80% on average accounted for only an 8 mV difference at C/25; therefore, the potential decrease was most likely imputable to undercharge. The EOD was also highly affected by aging with a gradual decrease of the potential below 30% DOD, far above what was induced by the increase of the resistance alone. The charge curve was less affected by the aging than the discharge one. The beginning-of-charge voltage increased, which was indicative of slight under-discharge. Additionally, the voltage in the mid-section of the charge curve rose as seen in Figure 3a . As a result, the charge and discharge curves became less and less symmetric with aging. Because of this growing asymmetry, the pseudo-OCV curves were not deemed accurate upon aging to infer SOC and the DOD scale was used instead. A cell-by-cell comparison at the initial stage, Figure 3b , revealed that all curves were nearly overlapping. At the end of life, Figure 3c , the cells were all still similar, although there were areas where the curves differ, specifically in discharge below 3.7 V. The impact of aging was more evident in the incremental capacity (IC) signatures of the cells. Figure 4a presents the evolution of the voltage response for cell 1 as changes in the IC curves. The most salient change to the curves occurred below 3.9 V. The peak at 3.7 V became sharper with aging, the intensity of main peak at 3.8 V decreased, and the intensity of the minimum at 3.9 V increased. All three features also shifted towards higher potentials. Overall, the variations exhibited by each of the cells were similar, Figure 4b . The only marked difference after aging between the cells was the shape of the peak at 3.85 V in the final IC curve. A cell-by-cell comparison at the initial stage, Figure 3b , revealed that all curves were nearly overlapping. At the end of life, Figure 3c , the cells were all still similar, although there were areas where the curves differ, specifically in discharge below 3.7 V. A cell-by-cell comparison at the initial stage, Figure 3b , revealed that all curves were nearly overlapping. At the end of life, Figure 3c , the cells were all still similar, although there were areas where the curves differ, specifically in discharge below 3.7 V. The impact of aging was more evident in the incremental capacity (IC) signatures of the cells. Figure 4a presents the evolution of the voltage response for cell 1 as changes in the IC curves. The most salient change to the curves occurred below 3.9 V. The peak at 3.7 V became sharper with aging, the intensity of main peak at 3.8 V decreased, and the intensity of the minimum at 3.9 V increased. All three features also shifted towards higher potentials. Overall, the variations exhibited by each of the cells were similar, Figure 4b . The only marked difference after aging between the cells was the shape of the peak at 3.85 V in the final IC curve. The impact of aging was more evident in the incremental capacity (IC) signatures of the cells. Figure 4a presents the evolution of the voltage response for cell 1 as changes in the IC curves. The most salient change to the curves occurred below 3.9 V. The peak at 3.7 V became sharper with aging, the intensity of main peak at 3.8 V decreased, and the intensity of the minimum at 3.9 V increased. All three features also shifted towards higher potentials. Overall, the variations exhibited by each of the cells were similar, Figure 4b . The only marked difference after aging between the cells was the shape of the peak at 3.85 V in the final IC curve. 
Full Cell Emulation
To analyze the complex evolution of the IC curves, it was essential to understand first the matching of the PE and the NE at the initial stage; then the dominant degradation mechanisms were investigated individually. The first step was to determine the electrode materials in this cell. The exact chemistry of the PE was not specified by the manufacturer specification sheet, although the safety data sheet (SDS) reported the presence of cobalt, nickel, and manganese. From the shape of the C/25 curve, Figure 3a , it appeared that the PE was a composite electrode. Indeed, the voltage response did not correspond to pure NMC. To decipher the exact chemistry of the PE, it was analyzed using SEM and EDX ( Figure 5 ). The SEM picture depicted two different types of grains with some large in the 10 µm range and some in sub-micrometer range. The EDX analysis proved that the only transition metal in the large 
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The ratio between the two phases of the composite electrode could not be measured accurately from the SEM analysis. However, it was estimated to be 60% LCO/40% NMC from the analysis of the voltage response of the PE based on the length of the LCO plateau at 3.8 V, which represented about 50% of the LCO capacity, compared to the full capacity of the electrode.
Energies 2018, 11, x 8 of 14 grains was cobalt; whereas, the small ones contained nickel, manganese, and cobalt. From this analysis, the PE was determined to be a composite of LiNi0.4Mn0.2Co0.4O2 and LiCoO2. The ratio between the two phases of the composite electrode could not be measured accurately from the SEM analysis. However, it was estimated to be 60% LCO/40% NMC from the analysis of the voltage response of the PE based on the length of the LCO plateau at 3.8 V, which represented about 50% of the LCO capacity, compared to the full capacity of the electrode. The half-cell data obtained for the PE as well as data from a stock NE were used to build an emulated version of the full cell using the alawa toolbox [28] that allowed matching the full cell with the half-cell data based on two parameters, the loading ratio and the offset [29] . The loading ratio corresponds to the capacity ratio between the PE and the NE and the offset to electrode slippage induced by the formation of the SEI layer. Figure 6a presents the obtained match for the cell at the beginning of life. To reach this match, the loading ratio was set at 0.95 and the offset at 4.5%. Repeating the matching on the 14 other cells, offset variations were below 1% and the loading ratio was found to be between 0.95 and 0.975. This similarity in the cell emulations corroborated the small initial variations observed on Figure 3a . The emulated version of the cell was then used to elucidate the voltage changes that would be associated with up to 30% LAM on the NE, Figure 6b ; the PE, Figure 6c ; and the LLI, Figure 6d . The capacity losses associated with these degradations are reported The half-cell data obtained for the PE as well as data from a stock NE were used to build an emulated version of the full cell using the alawa toolbox [28] that allowed matching the full cell with the half-cell data based on two parameters, the loading ratio and the offset [29] . The loading ratio corresponds to the capacity ratio between the PE and the NE and the offset to electrode slippage induced by the formation of the SEI layer. Figure 6a presents the obtained match for the cell at the beginning of life. To reach this match, the loading ratio was set at 0.95 and the offset at 4.5%. Repeating the matching on the 14 other cells, offset variations were below 1% and the loading ratio was found to be between 0.95 and 0.975. This similarity in the cell emulations corroborated the small initial variations observed on Figure 3a . The emulated version of the cell was then used to elucidate the voltage changes that would be associated with up to 30% LAM on the NE, Figure 6b ; the PE, Figure 6c ; and the LLI, Figure 6d . The capacity losses associated with these degradations are reported in Figure 6e . If occurring alone, LAM NE would drastically change the voltage response of the cell at high potential and induce plating [29, 33] . A new peak would also appear around 3.9 V and the low potential peak at 3.7 V would broaden. If occurring alone, LAM PE would make the 3.7 V peak disappear and reduce the intensity of the high voltage portion of the curve. Finally, if occurring alone, LLI would increase then decrease the intensity of the 3.7 V peak while shifting its voltage towards higher potentials, drastically reducing the main peak at 3.8 V and shifting the minimum intensity at 3.9 V towards higher potentials. However, only LLI would induce capacity loss immediately. There will be a delay in the effect of the LAM PE because the offset was positive; while, the effect of the LAM NE will be delayed because of the excess active material at high potential.
Discussion
Cell-to-Cell Variations
The standard deviation for the three main attributes to the initial cell-to-cell variations, Figure 1 and Table 1 , were below 0.5% for both the rate capability and the capacity ration and below 3% for the resistance. These values were small compared to previous studies and in the literature [8, 16, 18, 22] . The deviations in loading ratio values were small, below 2.5%, and no offset variations were measured (Figure 2b ). The variations in loading ratio were higher than the ones reported in previous work; in contrast, the offset variations were lower [22] . Therefore, the cells were of high quality.
Despite the high quality of the cells, non-uniformity in aging was still observed. The nonuniform aging of the cells was apparent in their final properties. Some cells degraded up to 25% faster than the others did. The rate capability was strongly correlated with the normalized capacity loss evidenced by a correlation coefficient close to unity (0.98), Figure 7a . This finding was corroborated by an analysis of the RCVs as well as the remnant capacity measurement (not shown) where the capacity difference between low-rate and high-rate cycling was attributed to a diminishing SOC usage window at high rate. However, the resistance increase indicated no correlation with capacity loss. The correlation coefficient was calculated to be −0.32 which suggested, if anything, that the cells that degraded the most demonstrated the lowest resistance increase. No correlations were found between the initial values of resistance and rate capability with the final values, or any combination thereof, which implied that the initial properties had no impact on the degradation and that it would not be possible to select cells to degrade uniformly based on their initial characteristics.
A detailed analysis of the degradation was necessary to determine if the differences in capacity loss were induced by the same degradation mechanisms at a different pace or if they were induced by different degradation mechanisms.
Degradation Mechanisms
The cells tested lost capacity at different rates. To determine if the different degradation rates were due to different degradation modes, the IC response of the cells at an equivalent capacity loss were compared. An example is provided in Figure 7b with three disparate cells after 24% capacity loss. Cell 13 was among the cells that degraded the least; it exhibited 24% capacity loss after 1000 cycles. Cell 10 was among the cells that degraded the most and it took it less than 800 cycles to reach 24% capacity loss. Cell 13 was near the mean and required 900 cycles to reach 24% capacity loss. The IC signatures of the three cells were essentially overlapping. Therefore, it was concluded that the cells degraded similarly, but at different paces.
The analysis of the cell IC response (Figure 4a ) using the information provided by the alawa analysis (Figure 6 ), allowed the determination of the cell degradation mechanisms. The experimental changes in the IC curves most resembled the changes associated with LLI, but it was necessary to check if LAM was occurring on the PE or the NE. Starting with the PE, the quantification was made by examining the IC intensity at the EOC (Figure 4a ). From Figure 6b -d it can be seen that LLI did not affect the EOC, that LAMNE changes the shape considerably, and that LAMPE decreased the intensity. Since the shape of the IC curves was not changing but their intensity only slightly decreased, a slight LAMPE was occurring throughout aging. However, for LAMPE to induce any capacity loss, it needed to be overcome the effects of the LLI [29, 34] . This requirement would imply more than 25% loss of the positive electrode material. With only small observed variations of intensities, LAMPE was not responsible for the observed capacity loss. LAMNE was also ruled out as a source for capacity loss because the predicted shape of the curves did not match with what was found experimentally. Therefore, the capacity loss had to be induced solely by LLI. Since capacity loss and percent degradation due to LLI were directly proportional, it was calculated to be between 25% and 30% with a 1.7% standard deviation (Figure 2a) . The evolution of LLI was linearly proportional to cycle number with slightly different slopes for the different cells. Figure 8 presents example fits after 1000 cycles for cell 1 under different degradation modes. The black curves present the simulation for LLI alone, as quantified from the capacity loss. The overall simulation was good, especially for the low voltage peak at 3.7 V but there were some discrepancies in the peak at 3.85 V and the position of the minimum above 3.1 V. To improve the matching, some LAMs needed to be introduced. Adding 6% LAMPE (thin blue curve) improved the fit of the 3.85 V peak but it also resulted in the overestimation of the intensity of the 3.7 V peak. Adding 15% LAMNE (red curve) also improved matching of the 3.85 V peak but it resulted in a poor estimation of the minimum at 4.05 V and overestimation of a peak at 4.1 V. The combination of both LAMs, each around 6% (green curve), was found to be even better fit to experimental data. It provided a good match for the 3.85 V peak but overestimated the intensity at 3.7 V and underestimated the minimum of intensity at 4.05 V. As discussed in a previous work, the position of this minimum of intensity was From Figure 6b -d it can be seen that LLI did not affect the EOC, that LAM NE changes the shape considerably, and that LAM PE decreased the intensity. Since the shape of the IC curves was not changing but their intensity only slightly decreased, a slight LAM PE was occurring throughout aging. However, for LAM PE to induce any capacity loss, it needed to be overcome the effects of the LLI [29, 34] . This requirement would imply more than 25% loss of the positive electrode material. With only small observed variations of intensities, LAM PE was not responsible for the observed capacity loss. LAM NE was also ruled out as a source for capacity loss because the predicted shape of the curves did not match with what was found experimentally. Therefore, the capacity loss had to be induced solely by LLI. Since capacity loss and percent degradation due to LLI were directly proportional, it was calculated to be between 25% and 30% with a 1.7% standard deviation (Figure 2a) . The evolution of LLI was linearly proportional to cycle number with slightly different slopes for the different cells. Figure 8 presents example fits after 1000 cycles for cell 1 under different degradation modes. The black curves present the simulation for LLI alone, as quantified from the capacity loss. The overall simulation was good, especially for the low voltage peak at 3.7 V but there were some discrepancies in the peak at 3.85 V and the position of the minimum above 3.1 V. To improve the matching, some LAMs needed to be introduced. Adding 6% LAM PE (thin blue curve) improved the fit of the 3.85 V peak but it also resulted in the overestimation of the intensity of the 3.7 V peak. Adding 15% LAM NE (red curve) also improved matching of the 3.85 V peak but it resulted in a poor estimation of the minimum at 4.05 V and overestimation of a peak at 4.1 V. The combination of both LAMs, each around 6% (green curve), was found to be even better fit to experimental data. It provided a good match for the 3.85 V peak but overestimated the intensity at 3.7 V and underestimated the minimum of intensity at 4.05 V. As discussed in a previous work, the position of this minimum of intensity was sensitive to the kinetics of the NE [34] . After adjustment of the NE kinetics (thick blue line) by a factor 4, the changes in the minimum position and intensity were properly matched. Accounting for the NE kinetics also reduced the intensity of the 3.7 V peak to a value similar to the experimental one. The resulting fit was considered optimum. Kinetic limitations on the PE were also identified from Figure 3a , but were difficult to estimate from the charge response.
The capacity loss and its spread whereas unambiguously introduced by LLI and some variations thereof in between cells but there also were some LAM. This LAM was especially interesting because it was about the same for the positive and NE. In fact, the loss on the negative was estimated at 0.95 times the loss on the positive which corresponded to the value of the loading ratio between the two electrodes. This relationship suggested that these losses were not spread out throughout the entire electrodes but localized in some areas where either the electronic or the ionic conductivity were compromised. This feature was already observed on overcharged commercial titanate-based pouch cells [35, 36] where gas bubbles were proven to separate electrodes and reduced the ionic conduction. The origin of the mechanism was still unclear, but it could be linked to gassing, unwinding of the jellyroll, or electronic/ionic isolation of part of the electrodes. To elucidate this issue, a C/25 cycle was performed at end of life on one of the cells with a C/250 remnant capacity step at the end of charge and discharge. From this experiment, the C/250 step added a significant amount of capacity to the C/25 capacity, in the order of 7%. This suggests that the LAM is induced by isolation and that, given more time, some of it is accessible. This also implies that there are two sources for the LLI. The majority is consumed irreversibly by the growth of the SEI but some must be trapped in the inaccessible active material, otherwise, no additional capacity would have been measured during the C/250 step. It also has to be noted that this dual LAM also explains part of the decrease of the rate capability because, with less active material, the local current increased on the electrodes. This surge in local current will increase the resistance and lower the available capacity. sensitive to the kinetics of the NE [34] . After adjustment of the NE kinetics (thick blue line) by a factor 4, the changes in the minimum position and intensity were properly matched. Accounting for the NE kinetics also reduced the intensity of the 3.7 V peak to a value similar to the experimental one. The resulting fit was considered optimum. Kinetic limitations on the PE were also identified from Figure  3a , but were difficult to estimate from the charge response. The capacity loss and its spread whereas unambiguously introduced by LLI and some variations thereof in between cells but there also were some LAM. This LAM was especially interesting because it was about the same for the positive and NE. In fact, the loss on the negative was estimated at 0.95 times the loss on the positive which corresponded to the value of the loading ratio between the two electrodes. This relationship suggested that these losses were not spread out throughout the entire electrodes but localized in some areas where either the electronic or the ionic conductivity were compromised. This feature was already observed on overcharged commercial titanate-based pouch cells [35, 36] where gas bubbles were proven to separate electrodes and reduced the ionic conduction. The origin of the mechanism was still unclear, but it could be linked to gassing, unwinding of the jellyroll, or electronic/ionic isolation of part of the electrodes. To elucidate this issue, a C/25 cycle was performed at end of life on one of the cells with a C/250 remnant capacity step at the end of charge and discharge. From this experiment, the C/250 step added a significant amount of capacity to the C/25 capacity, in the order of 7%. This suggests that the LAM is induced by isolation and that, given more time, some of it is accessible. This also implies that there are two sources for the LLI. The majority is consumed irreversibly by the growth of the SEI but some must be trapped in the inaccessible active material, otherwise, no additional capacity would have been measured during the C/250 step. It also has to be noted that this dual LAM also explains part of the decrease of the rate capability because, with less active material, the local current increased on the electrodes. This surge in local current will increase the resistance and lower the available capacity. 
Conclusions
In this study, a 51-cell batch of commercial 18650 lithium-ion cells (LG ICR18650C2) from a toptier manufacturer was analyzed. An initial screening of the cell-to-cell variations was conducted and 15 of the cells were individually cycle-aged in a controlled temperature environment for 1,000 cycles. The goal was to characterize cell-to-cell variations throughout the cycling experiment. Prior to cycling, the cells' properties were tightly distributed: the C/5 capacities were 2 863 Ah on average with a 0.4% standard deviation, the C/2 capacities were 99.3% of those measured at C/5 with a 0.3% standard deviation, indicative of an excellent rate capability, and finally the resistances were 73.2 mΩ 
In this study, a 51-cell batch of commercial 18650 lithium-ion cells (LG ICR18650C2) from a top-tier manufacturer was analyzed. An initial screening of the cell-to-cell variations was conducted and 15 of the cells were individually cycle-aged in a controlled temperature environment for 1,000 cycles. The goal was to characterize cell-to-cell variations throughout the cycling experiment. Prior to cycling, the cells' properties were tightly distributed: the C/5 capacities were 2 863 Ah on average with a 0.4% standard deviation, the C/2 capacities were 99.3% of those measured at C/5 with a 0.3% standard deviation, indicative of an excellent rate capability, and finally the resistances were 73.2 mΩ on average with a 3.6% standard deviation. This set of metrics was tracked throughout cycling and it was found that the resistance rose 80% to 112.3 mΩ while maintaining a rather stable 5.0% standard deviation. On the other hand, the C/5 capacities decreased to 1.862 Ah on average with a 2.8% standard deviation. Finally, the rate capability decreased to 56.9% on average with a 6.8% standard deviation. Overall, these observations are indicative of a severe and inhomogeneous degradation of the cells' kinetics, far beyond the sole contribution of the resistance increase.
Another key observation is that no correlation was found between the initial cell-to-cell variations and the subsequent rate of degradation of the cells used in this study. This is a critical finding as it implies that cells matching at the factory do not offer a viable strategy towards mitigating the intrinsic degradation variability among cells.
Another important contribution of this study is the determination of the thermodynamic degradation modes of these cells using an incremental capacity analysis. All the cells degraded primarily from a severe LLI, with the addition of some symmetrical losses of active material. A critical aspect of this thermodynamic degradation is that the modes are identical to all cells but the pace at which these degradation modes took place varied from cell to cell, therefore highlighting the fact that lithium-ion cells' degradation exhibits a non-trivial amount of intrinsic variability.
The practical consequence of this intrinsic variability in the degradation of cells in a pack is that the overall pack capacity will be increasingly limited by the cell degrading at the fastest pace and not necessarily by the cell with the lowest initial capacity.
